Aerosol application of insecticides as part of an integrated pest management program is becoming more widely adopted in food facilities such as flour mills. However, the method of application and the complex structural features within a facility can impact how insecticide particles travel and settle on surfaces and therefore impact the consistency in efficacy obtained. Here we investigated how the location from which an aerosol insecticide is released impacts the spatial pattern of aerosol deposition, using efficacy against Tribolium confusum Jacquelin du Val (Coleoptera: Tenebrionidae), the confused flour beetle, as a model insects. Concrete bioassay arenas containing T. confusum adults and flour were exposed to two commercial aerosol formulations, pyrethrin + pyriproxyfen and pyrethrin + methoprene, and observed for initial adult knockdown and subsequent mortality. Aerosols were applied from one of three static locations or a fourth application comprised of multiple aerosol release points. The aerosol release position had a significant effect on T. confusum adult knockdown and mortality; both ranged from 0 to 100% depending on bioassay arena location. The multiple aerosol release positions tended to have more bioassay arenas with higher knockdown and mortality, and had a more consistent impact across all arena locations, yet there were still areas on the mill floor where little adult beetle efficacy was observed. The effect of each aerosol on T. confusum adults is a culmination of how the aerosol was applied, the distance the aerosol particles traveled, and the complexity of a milling facility.
Tribolium confusum Jacquelin du Val (Coleoptera: Tenebrionidae) and Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae) are considered the major pest species of milling facilities (Campbell et al. 2010) . T. castaneum and T. confusum have long been documented as pests in feed and flour mills and constitute a large majority of the insects consistently collected among sampled flour and feed mills throughout the United States (Rilett and Weigel 1956 , Loschiavo and Okumura 1979 , Pellitteri and Boush 1983 , Larson et al. 2008 . These species can be found throughout the entire mill because they are capable of exploiting hidden refuges where food material accumulates in cracks and crevices within milling equipment and the building structure. This ability makes monitoring and managing these stored-product insects difficult. Additionally, temperatures inside milling facilities generally remain consistently warm throughout the year and provide an ideal climate for growth and development of Tribolium spp. (Campbell et al. 2010 ). These insects have major economic impacts for a mill through costs associated with insect monitoring and management, and the risk of even greater costs associated with contaminated products and failure to meet regulations (Campbell and Arbogast 2004) . Management tactics for these insects include fumigation, structural heat treatments, sanitation, structural modification, contact insecticides, and increasingly the use of aerosol insecticides.
Aerosol insecticide treatments involve the application of the insecticide after it has been atomized and dispensed under pressure as small particles that range in size from 5 to 50 μm (Arthur and Subramanyam 2012) . Aerosols can be more cost effective than fumigation with methyl bromide or sulfuryl fluoride, but they have limited dispersal and penetration ability compared with fumigants (Arthur 2008, Arthur and Subramanyam 2012) . Aerosols will not penetrate into machinery, bulk stored products, packaged products, or large accumulations of food spillage. The aerosol droplet dispersal following application may be obstructed by equipment and other structural features within a facility and generate areas where survival of Tribolium spp. is possible (Arthur and Subramanyam 2012 , Kharel et al. 2014 , Arthur et al. 2018 . Aerosol applications can result in relatively high mortality of adults exposed in open areas. An application of a pyrethrin-based aerosol in a commercial warehouse resulted in 40 and 79% mortality of T. confusum adults at 7 and 14 d, respectively, after the initial aerosol application (Arthur 2008) . However, pyrethrin and pyrethroid aerosols can cause high initial adult knockdown, but adults can recover over time. For example, a pyrethrin-based aerosol that was applied in an empty warehouse resulted in >99% knockdown initially after treatment, but the percentage of adult T. confusum survival (recovery) increased up to a range of 6-80% after 7 d (Arthur and Campbell 2008) . In this study, the aerosol was released from a cylinder and directed toward the front of the warehouse and a greater percentage of T. confusum recovery from knockdown was observed in the back corners, illustrating the potential effects of aerosol application position on efficacy.
Previously described work indicates that there is spatial variation in efficacy against stored-product insects within a facility due to uneven aerosol dispersal and deposition patterns (Arthur and Campbell 2008 , Arthur et al. 2018 . Aerosol deposition can be estimated based on pattern of insect knockdown and recovery, with recovery from knockdown assumed to be associated with exposure to a lower concentration of aerosol insecticide than knockdown that leads to mortality. Higher rates of recovery tend to occur in corners, in partially or fully obstructed areas, and in locations farthest from where an aerosol application was deployed Campbell 2008, Campbell et al. 2014) . This indicates that directionality of spray and the location of the aerosol release are important and play a role in the mortality of exposed stored-product insects. The aerosol formulation and delivery method are also likely to be important since the velocity at initial release and the droplet size distribution produced will impact the distribution and deposition of aerosols. Commercial applicators can apply the aerosols in a variety of methods: from one fixed location, from multiple fixed locations, or while moving through a room. The approach commercial applicators use often depends on the application device and the size of the space being treated. However, there has been no reported research conducted on the effect of aerosol spray location, static application versus moving application, on the spatial pattern of efficacy against stored-product insects inside milling or warehouse type of structures. It is hypothesized that the aerosol insecticide coverage and overall efficacy could be improved by changing the application point or splitting the application dose between multiple locations throughout a floor plan. Therefore, the objective of this experiment was to determine how aerosol application position affected adult T. confusum knockdown and recovery at different locations within a floor of a pilot-scale flour mill. Specifically, we compared applications applied at three different stationary locations and a fourth application that was split evenly among all three stationary locations. We used adult T. confusum to determine initial knockdown and 14 d mortality for two different aerosol formulations. Adult T. confusum were used because adult beetles do not fly, and results from this study can be used to compare with previous research conducted with aerosols.
Materials and Methods

Research Location
All aerosol application experiments in this study were carried out in the pilot-scale Hal Ross flour mill at Kansas State University (KSU), Manhattan, KS. The mill is a concrete structure comprised of five floors, with the long axis of the mill oriented roughly in a north-south direction . The third floor, with a total volume of approximately 1504 m 3 , was used in this study because it was the most congested floor and would provide the most accurate real-world conditions and better mimic equipment and configurations found in larger milling facilities. The first floor served as the control in this study, and the second floor served as a buffer between the treatment floor and the control floor. The third floor of the mill was laid out in an L-shape: the main area was rectangular measuring 13.5 × 21.0 m, a smaller offshoot on the northeast side measuring 7.5 × 6.5 m, and a height of approximately 4.3 m ( Fig. 1 ). During the testing period, all doorways leading in and out of the third floor, except the main entrance, were closed and sealed off using plastic sheeting, and the air ventilation system was shut off and all vents were closed during treatments. Temperature and relative humidity were monitored using a HOBO data logger (Onset Computer Corporation, Bourne, MA). The average temperature and relative humidity during the testing period was 27°C and 61% r.h. on the first floor of the mill and 32°C and 59% r.h. on the third floor. 
Aerosol Treatments
All aerosol applications occurred over a 3-d period, August 2-4, 2016. All aerosol applications were applied by a commercial applicator using the label rates for each insecticide. The insecticides and application systems chosen were to provide differences in droplet size distributions and release velocity, which previous research using the same two aerosols has shown produce different distributions of efficacy . These two systems also represent two widely used application methods, and because they have been used in previous research the authors compared the results of this study with those of previously published studies. The first insecticide was TurboCide Py-75 with IGR (Chem-Tech Ltd., Des Moines, IA), a combination of pyrethrin and the IGR pyriproxyfen, trade name NyGuard that contained 0.7% pyrethrins, 5.0% piperonyl butoxide (PBO), 0.3% pyriproxyfen, and 94% other ingredients. Hereafter, this aerosol will be referred to as pyrethrin + pyriproxyfen. The pyrethrin + pyriproxyfen combination was formulated for a cylinder release with a CO 2 carrier, at an approximate nozzle height of 0.7 m. The target application amount was 900 g for the entire floor.
The second aerosol was a combination of pyrethrin (BP-100, BASF Corp., Research Triangle Park, NC) and the IGR methoprene (Diacon IGR, Central Life Sciences, Schaumburg, IL) mixed in the ratio of 795 and 16 ml, respectively, and applied using a portable handheld mechanical fogger (Fogmaster 7401), and released at an approximate height of 1 m. BP-100 contained 1.0% pyrethrins, 5.0% piperonyl-butoxide, and 94.0% other ingredients. Diacon IGR contained 33.6% (s)-methoprene and 66.4% other ingredients. Hereafter, this aerosol will be referred to as pyrethrin + methoprene.
The pyrethrin + pyriproxyfen aerosol was applied first, followed by pyrethrin + methoprene aerosol. Each aerosol was applied in one of three static positions (circled numbers) or in combination of all three positions (Fig. 1) . The aerosol was directed toward the interior of the room, and the application nozzle pointed upward at an approximate 45° angle, and the nozzle was rotated in a sweeping arc toward each side of the room. The first aerosol application position (application 1) was approximately 2.3 m from the west wall of the mill. The second aerosol application position (application 2) was approximately 0.5 m from the south wall, next to the entry/exit doorway. The third aerosol application position (application 3) was in the northeast corner of the mill, approximately 0.5 m from the wall. The fourth aerosol application (application 4) consisted of releasing the specific aerosol at each of the three positions described previously, with one-third of the total aerosol volume released at each position. Each application position was repeated twice per insecticide treatment. Aerosol applications took approximately 5-7 min to apply and then had an exposure period of 1 h from the start of the application process. Following the 1-h exposure period, the air ventilation system was turned on for approximately 10 min to remove any residual aerosol in the ambient air.
Bioassays
The insects used in this study were from a pesticide-susceptible T. confusum strain maintained at the United States Department of Agriculture -Agriculture Research Service -Center for Grain and Animal Health Research (USDA-ARS-CGAHR), in Manhattan, KS. The T. confusum colony was reared on a diet of 95% whole-wheat flour and 5% brewer's yeast, and maintained in an environmental chamber set at 27°C and 60% r.h. in complete darkness. This strain had been maintained for approximately 30 yr.
Exposure arenas were prepared as described by Arthur (2015) . Briefly, dry powder driveway patching material (Rockite, Hartline Products Co., Inc., Cleveland, OH) was used to create concrete surfaces in the bottom of 60 × 15 mm (approximately 22 cm 2 ) Petri dishes (hereafter termed arenas). The dry powder was mixed with water to create a slurry mixture, which was poured into the arenas to a depth of approximately 0.5 cm. The prepared arena dried at ambient conditions, for 24-48 h before use. Four individual 22 cm 2 arenas were placed inside of a larger 150 × 25 mm (approximately 137 cm 2 ) Petri dish in 1 of 10 locations (Fig. 1) . The larger 150 × 25 mm Petri dish was used to contain any adults that might escape during the aerosol application and facilitate for transportation between the mill and the USDA-ARS-CGAHR. Prior to aerosol application, approximately 400-500 mg of diet and 10 mixed-sex adult T. confusum, 1-2 wk old, were added to one arena. The remaining three arenas were used for 2, 4, and 6 wk posttreatment residual bioassays using 4-wk-old T. confusum larvae. The results of the residual bioassays are not reported here, but analysis of the data will be presented in a subsequent paper. Additional bioassay locations one to nine had an aerodynamic particle sizer unit (APS 3321, TSI Inc, Shoreview, MN) measuring particle size and distribution during each aerosol application. Data collected and analyzed by the APS unit will be presented in a subsequent paper.
There were two additional bioassay arenas placed in two locations on the first floor of the mill to serve as untreated controls. The approximate distances between specific arenas and the aerosol application locations are listed in Table 1 . Since aerosol application 4 consisted of multiple release points, an average distance was calculated. The 10 bioassay arenas on the third floor were placed in open, partially obstructed, and fully obstructed locations of the mill (Fig. 1) floor. Arenas 4, 5, 6, 8, 9, and 10 were placed alongside the walls (approximately 0.5 m from the wall) along the x-and y-axis transects and included the four major corners of the mill floor. Bioassay arena 1 was placed directly in front of aerosol application position 1 and unobstructed. Bioassay arenas 9 and 4 were placed alongside aerosol application positions 2 and 3, respectively. Bioassay arena 2 was partially obstructed by pneumatic conveying ducts and flour mill machines and arena 7 was fully obstructed and placed underneath a piece of milling equipment.
After the aerosol was vented, the number of individuals that were knocked down in each arena was recorded. Knocked down was defined as the adult beetle on its back and unable to right itself when initially observed ). All arenas, 150 × 25 mm containing the smaller approximately 22 cm arena, were covered a Application 4 is an average distance between aerosol application positions 1, 2, and 3. and transported back to the USDA-ARS-CGAHR and placed into an environmental chamber set at 27°C and 60% r.h. in complete darkness. After 14 d posttreatment, the adult beetles were assessed for whether they were alive, knockdown, or dead (no movement or response to being probed).
Means and SEs were calculated and percentages were transformed into angular values (Zar 2010 ) and statistical analysis was conducted using the Statistical Analysis System (version 9.4, SAS Institute, Cary, NC; SAS Institute 2012). Treatment means were analyzed using a two-way analysis of variance (ANOVA) based on aerosol type, with arena location and aerosol application position as main effects, along with their interaction.
Results
Adult Exposure to Pyrethrin + Pyriproxyfen Aerosol
There was no knockdown and one instance of 5% mortality of T. confusum adults in untreated control arenas; therefore, no corrections were made and significance was determined among treatment arenas only and untreated control data were not included for analysis. A two-way ANOVA of the percent initial knockdown of T. confusum was significant for the interaction between arena location and aerosol application positions (F = 5.51; df = 27, 40; P < 0.0001) and the main effects of aerosol application position (F = 22.83; df = 3, 40; P < 0.0001) and arena location (F = 5.99; df = 9, 40; P = 0.0001). Additionally, the mortality of adult T. confusum 14 d posttreatment was significant for the interaction between arena location and aerosol application position (F = 3.39; df = 27, 40; P = 0.0002) and the main effect of arena location (F = 9.57; df = 9, 40; P < 0.0001), but aerosol application position was not significant (F = 1.60; df = 3, 40; P = 0.2050).
Percentage of knocked down adults in the arenas immediately after the pyrethrin + pyriproxyfen aerosol exposure ranged from 0 to 100% across all application methods ( Fig. 2A) . Application 3, from the northeast corner, had the largest amount of variability in initial knockdown, and had a median knockdown of 50%. Applications 1 and 2 had the highest initial knockdown, with more than 50% of arenas with 100% knockdown, Application 4 had a lower median efficacy of approximately 90%. The initial knockdown after application 4 was more consistent compared with applications 2 and 3, but there was a shift downward in the median percentage of knocked down adults.
Mortality of T. confusum at 14 d post-aerosol application was within 10% for all four applications, with similar median values, although the spread of the data was quite different (Fig. 2B ). Applications 1, 2, and 4 had approximately 50% of arenas with no mortality, but ranging all the way to 100% mortality, although applying aerosol from all three locations, Application 4 tended to have more arenas with higher mortality. Application 3, which was made from the northwest corner, was different from the other applications, with 75% of arenas having mortality of 10% or less.
For aerosol applications from single static locations, in general the further away and more obstructed the location of the arena, the greater the number of live beetles and lesser number knocked down or dead (Fig. 3) . For example, aerosol applications from location 1 did not adequately reach the far eastern wall or the northeast corner, as evident by the high percentage of adults that were alive after 14 d. This appears to be due to distance required for the aerosol particles to travel, but also due to obstruction of aerosol movement above, around, and underneath the structural features and milling equipment present on the floor. The same results are evident for application 2, where the arenas in the same locations along the eastern wall and northeast corner tended to have high numbers of alive beetles even though the straight line distance was less than for application 1. Application position 3, which was specifically selected to reach the problematic area in the northeast corner of the mill, had 100% mortality in the northeast corner, but was less effective at reaching other areas of the mill, specifically bioassay locations along the south wall, and the northwest and southwest corners. This is also consistent with the large amount of structural features between this application location and the rest of the mill. Applications 1 and 2 also illustrate that the velocity of the aerosol release moving droplets forward can lead to arenas that were close to the release point but to the side or behind having lower levels of beetle mortality. Aerosol application 4, the moving application, had a more consistent impact on all arena positions, although still had many locations with moderate to low adult mortality or knockdown. This was the only application in which >5% of the adults were either knocked down or dead 14 d post-aerosol application at all bioassay arena locations.
Adult Exposure to Pyrethrin + Methoprene Aerosol
There was no knockdown or mortality of adult T. confusum in untreated control arenas; therefore, no corrections were made and significance differences were determined among treatment arenas only and untreated control data were not included in the analysis. A two-way ANOVA for the percentage of initial knocked down adults was significant for the interaction between aerosol application position and arena location (F = 11.63; df = 27, 40; P < 0.0001), and the main effects of aerosol application position (df = 3, 40) and arena location (df = 9, 40) (F = 7.90-35.17; P < 0.0001). Additionally, for the mortality of T. confusum 14 d post-aerosol application, the interaction between aerosol application position and arena location was not significant (F = 1.70; df = 27, 40; P = 0.0616), but the main effects of aerosol application position (df = 3, 40) and arena location (df = 9, 40; F = 2.63-3.79; P = 0.0171-0.0175) were significant.
The distribution of initial adult knockdown among arena locations for pyrethrin + methoprene was similar to that for pyrethrin + pyriproxyfen (Fig. 4A ). Application 2 had the most consistently high knockdown, with most locations having 100% knock down, and no locations with less than 60% knockdown. Application 3, in the northeast corner, had the most arena locations with low levels of knockdown, having a median of approximately 55%. Aerosol applications from positions 1 and 4 each had a single bioassay dishes with 0% knockdown and more similar frequency distributions of knockdown. Although there were high levels of knockdown immediately after treatment, by 14 d post-application very few beetles had died (Fig. 4B ). Aerosol application 2 was the only application with a limited range in adult mortality.
The spatial distribution of effects of aerosol on beetles in arenas 14 d after treatment showed a similar pattern overall to the pyrethrin + pyriproxyfen; the eastern wall and northeast corner bioassay arena locations typically had the highest percentage of live adults after 14 d and the bioassay arenas closest to the aerosol release position had highest percentage of dead adults (Fig. 5 ). However, relatively few locations had beetle mortality and these tended to be directly in front of, or next to, the application point. The open areas of the mill floor where bioassay arenas were placed were the most likely to obtain pyrethrin + methoprene depositions sufficient to cause mortality, evident in aerosol applications 1, 2, and 4. Aerosol application 4, moving application, did not perform as expected. There were no more arena locations with higher knockdown or mortality effects on adult T. confusum in application 4 than with the single-location applications 1 and 2. This effect may be due to differences in how the aerosol droplets were produced and dispersed, the effectiveness of the insecticide formulation, or a combination of the two.
Discussion
The application position had significant effect on knockdown and 14 d mortality of T. confusum for both aerosols tested in this study. This study observed the positive effects of aerosol application from multiple release points throughout the milling floor that is highly congested with equipment, especially for the pyrethrin + pyriproxyfen aerosol. Campbell et al. (2014) used contour mapping to illustrate distribution of these same aerosols, by measuring efficacy against T. confusum adults on a ranking scale. The aerosols were released on the third floor of the KSU pilot-scale mill, the same floor that was used in this study, from application 2 position. Contour analysis showed the lowest efficacy values after 14 d post-exposure on the third floor corresponded to arena locations 4, 5, 7, and 9 used in this study . However, areas directly in front of the aerosol application location or in an unobstructed location had the highest efficacy value scores, similar to this study. This study goes a step further, analyzing the effect of a moving aerosol application. The pyrethrin + pyriproxyfen aerosol gave a more consistent coverage on the mill floor. Even though only one-third of the total label rate was applied at each position, each bioassay had multiple chances of exposure to the aerosol. The consistency among all bioassay locations had medium to large mortality effect, which was better than a few locations with high mortality and locations with zero mortality seen in the pyrethrin + methoprene aerosol application. The hard-to-reach arenas (east wall and northeast corner) showed large percentages of knocked down or dead adults. However, none of the tested application methods reached all arena locations at a significant dose to cause 100% adult mortality and there continued to be zones where beetles survived the treatment.
This study demonstrated that initial knockdown of adult T. confusum can be used as an indicator as to initial effectiveness of the Fig. 4 . Box plots of the mean percentage of adults exhibiting knockdown immediately after treatment (A), or mortality 14 d posttreatment (B), to pyrethrin + methoprene. The solid gray box represents the interquartile range, the solid black line depicts the median, the whiskers above/below the gray box are the locations of the maximum or minimum percentages, and the black dots represent any outliers.
Fig. 5.
Pie charts of the number live, knocked down, and dead adults at 14 d post-exposure to pyrethrin + methoprene aerosol application for each arena location. The numbers inside the gray circles represent the locations of each aerosol application, and application 4 is depicted with number 4 at each of the three application release positions. White and black shapes represent the location of large structural features on the milling floor such as milling equipment, sifters, storage bins, and support columns. aerosol application; however, knockdown is a transitional category between mortality and survival, as defined by Arthur (2008) . For both aerosol formulations, the percentage of dead adults was reduced compared with the initial knockdown percent, indicating some recovery from the initial exposure to the aerosol. This effect was most evident in the pyrethrin + methoprene aerosol application. Arthur and Campbell (2008) observed similar results when T. confusum adults recovered from knockdown at post-exposure assessments for up to 14 d post-aerosol exposure. The recovery of adult beetles after knockdown indicated a sublethal exposure to the pyrethrin, which could lead to the development of resistance. Both aerosols used in this study contained pyrethrin and methoprene, which use different modes of action. The pyrethrin is very effective on adult insects, while the methoprene, an insect growth regulator (IGR), is effective on juvenile stages, and these insecticides are often used in combination in aerosol applications. The multiple modes of action are used to help mitigate or reduce resistance spreading in a population. Additionally, the multiple release points had more consistent efficacy and could also help to reduce resistance.
Earlier research has shown that recovery from treatment, which is presumably correlated with a decrease in the amount of aerosol deposited, increased with distance from the release point. For example, Arthur and Campbell (2008) observed recovery (survival) ranging from 6 to 80% for T. confusum adults in the back corners of a warehouse facility, when pyrethrin aerosol was applied from the front of the warehouse and directed toward the back, compared with <20% recover in the front of the warehouse. Jenson et al. (2010) also observed adult emergence from Plodia interpunctella (Hübner) (Lepidoptera: Pyralidae) eggs exposed to combination of methoprene plus synergized pyrethrin, increased as distance from the release nozzle increased. Our results showed bioassay arenas close to the aerosol application point having the lowest recovery. Applications 2 and 4 were generally the two best application methods with the lowest recovery, and they also had the shortest average distance to disperse, 0.5-23.4 m and 11.32-17.1 m, respectively. The aerosol dispersal direction, the structural complexity of a mill floor, and aerosol particle drift also impact aerosol spatial distribution and subsequent efficacy on stored product insects. The propellant force at which each aerosol is applied would impact on how far the particles travel throughout a mill floor, with the larger particles settling out faster and smaller particles traveling further. Bioassay arena locations 5 and 10 had 45% and 5% alive adults after 14 d, respectively, and each arena was approximately 6.8 m from application 1 position. However, each bioassay arena was behind the aerosol application position, thus requiring the particles to travel backward. Arthur (2015) observed roughly 40-95% adult emergence from larvae exposed to a pyrethrin + methoprene aerosol on treated concrete dishes placed 18 m away from dispensing nozzles in open, obstructed, and hidden locations within a warehouse facility. In this study, arena location 7 was placed underneath a piece of milling equipment and in every case, except pyrethrin + pyriproxyfen application 3, >55% of adults were alive after 14 d post-aerosol application. This further illustrates that aerosol dispersal efficacy is a culmination of multiple effects.
Adult T. confusum were exposed to each aerosol for the same time, approximately 5-7 min of aerosol release time and the remaining time for dispersal (treatment), and each testing arena contained a food source. The presence of the food source could have provided the adults with a means to escape or limit exposure but tunneling under the flour, provided a nutritional supplement, function as a means to mechanically remove insecticide from the insect cuticle, or the flour absorbing the aerosol (Kharel et al. 2014 ). Arthur (2015) assessed adult emergence of late-stage T. confusum and T. castaneum larvae on bioassay arenas containing food and no food held in open positions within a milling facility during aerosol applications, and found no significant differences in adult emergence. However, when food was present during aerosol application, the percentage of adult emergence was significantly lower for hidden and obstructed positions for T. confusum and T. castaneum (Arthur 2015) . Kharel et al. (2014) observed a reduction in the number of affected T. confusum adults exposed to a pyrethrin aerosol (Entech Fog 10, Entech Systems, Kenner, LA, 1.0% pyrethrin, 2.0% PBO, 3.33% N-octylbicycloheptane dicarboximide, 93.67% other), as the amount of flour present increased from 0.1 g/bioassay arena to 10 g/ bioassay arena, 95 and 53% respectively. Moreover, adult emergence from late stage larvae and pupae of T. confusum, increased as flour amounts increased, 52 and 45%, respectively (Kharel et al. 2014 ). Observations in this study noted adult T. confusum tunneling under the flour present during aerosol applications, which could result in adults receiving less than the intended dosage and account for the recovery observed.
Alternatively, the application mechanism used to release each aerosol could affect the dispersal, droplet size of the insecticide and the absorbance rate of insecticide by the food source. The pyrethrin + pyriproxyfen aerosol application used a carbon dioxide (CO 2 ) based cylinder and the pyrethrin + methoprene application used a mechanical fogger. The systems differed in their nozzle sizes and pressure generating droplet production and were chosen to generate differences in the droplet size distribution and in the velocity at which they were released into the room. These differences in application mechanism could significantly affect the aerosol dispersal, droplet size, and movement in the ambient air, which would ultimately effect of the deposition and absorption on surfaces and food sources. This could account for the higher mortality in the pyrethrin + pyriproxyfen applications compared with pyrethrin + methoprene applications. In addition, the particle size could vary between the two aerosols, also affecting the dispersal and concentration of the droplets landing on the bioassay arenas. The aerosol particle droplet size may influence the effectiveness of the aerosol on stored-product insect survival (Arthur et al. , 2018 . Arthur et al. (2018) found that larger aerosol particle sizes, 16 versus 2 μm, produced consistent mortality and the smaller particle size had little or no mortality of T. confusum adults. The reports of mean particle size and distribution of each aerosol application and application type will be presented in a subsequent paper. Furthermore, recent research in the KSU pilot-scale flour mill has shown that increasing the distance from the aerosol application position decreases the total deposition of aerosol particles (mg/m 2 ) and increases recovery from knockdown (Arthur et al. 2018) . The use of CO 2 as a carrier could potentially produce metabolic changes in T. confusum adults, by opening the spiracles, which could be a synergistic effect. However, the amount of CO 2 released into that volume is very low and is unlikely to have raised the percentage CO 2 to a level to have physiological effects. Further research on the effect of insecticide carrier, CO 2 -versus oil-based, and release mechanism, fogger versus cylinderized, and nozzle configuration is currently being conducted at the USDA-ARS-CGAHR.
Aerosols primarily affect insects that are directly exposed during the treatment, but paired with an IGR, they can provide a longer residual protection period between aerosol applications than pyrethrin or pyrethroids alone (Arthur 2015) . This study emphasized the initial impact of pyrethrin on adult T. confusum exposed to the aerosol, but the real power in aerosol applications could be in the combined effectiveness of the IGR component. Additional analysis into the residual effects of both aerosol applications against T. confusum larvae was conducted and results will be presented in a subsequent paper. Each of the aerosol formulations contains an IGR component, pyriproxyfen or methoprene, which gives residual control of juvenile stages of stored-product insects. Jenson et al. (2010) observed reduced Indian meal moth, P. interpunctella (Hübner), adult emergence from eggs exposed on diets treated with multiple combinations of methoprene plus synergized pyrethrin aerosols. Three-and 4-wkold T. confusum larvae exposed to methoprene (Diacon II, 240 mg AI/ml and label rate of 3 ml/280 m 3 ) resulted in adult emergence of 0.9 and 1.6%, respectively, from those exposed larvae (Arthur 2008) . Though we demonstrated that adult T. confusum can recover from initial adult knockdown after being exposed to pyrethrin, there may be strong residual effects of each aerosol, which would give residual efficacy and overall population reduction due to the IGR component of the aerosol formulation.
The application position of each aerosol had a significant effect on T. confusum adults, but none of the tested application methods completely inhibited adult survival. Between multiple and static aerosol applications, there continued to be zones where beetles survived the treatment. The multiple aerosol application was a practical effort to simulate techniques observed in the field. Depending on the floor layout of facilities, releasing aerosols from several locations may not be feasible due to machinery, block passages, or ability to physically lift and move insecticide cylinders. In such instances, it may be possible to apply insecticide from a centralized location in which all corners of the floor are visible and the aerosol directed toward each corner of the floor plan and to minimize the distance the aerosol particles must travel. By rotating the aerosol release point, reaching tight corners or obstructed areas may be easier for the aerosol applicator, and the results of this research support this method of aerosol application as being highly effective. This multiple release method of application investigated in this study is an improvement compared with static applications, but further investigations are needed to minimize zones where adult beetles survive.
